Actinomycins normally contain N-methyl-L-valine and either D-valine, Dalloisoleucine or both amino acids in the molecule. During antibiotic formation in a medium supplemented with one of the four isoleucine stereoisomers, Streptomyces parvulus and S. chrysomallus form complex actinomycin mixtures (Cl, C2, C3, El, and E2-like compounds). Although chromatographic techniques suggested that single homogeneous components had been isolated, subsequent studies indicated that such chromatographic fractions probably consisted of multiple isomers of actinomycin. Amino acid analyses revealed the presence of N-methylvaline and/or N-methylalloisoleucine and, in addition, D-isoleucine, D-valine, and D-alloisoleucine were frequently found in a given fraction.
Schmidt-Kastner (30, 31) first noted that new actinomycins (El and E2) were synthesized by Streptomyces chrysomallus when the organism was grown in the presence of DL-isoleucine. It was reported (30, 31) that one or two residues of N-methylisoleucine replaced one or two residues of N-methylvaline, respectively, in the parent compound, actinomycin C3. More recently, our laboratory demonstrated that S. antibioticus and S. chrysomallus both form actinomycin mixtures which contain appreciable amounts of D-isoleucine and N-methyl-Lalloisoleucine (rather than N-methyl-isoleucine) when synthesis occurs with an isoleucine stereoisomer (15, 35) . N-methyl-L-alloisoleucine and D-isoleucine substitute for N-methyl-Lvaline and either D-valine or D-alloisoleucine, respectively, in the antibiotic peptides. Individual biosynthetic actinomycins were not examined; therefore, we initiated studies to establish the branched-chain amino acid composition of the isoleucine-induced actinomycin components formed by S. chrysomallus and S. parvulus.
MATERIALS AND METHODS
Organisms and conditions of cultivation. S. chrysomallus (ATCC 11523) and S. parvulus (ATCC 12434) were maintained on slants of glucose-yeast extract-malt extract agar medium (9) . Incubation was for 3 to 5 days at 30 C until sporulation had occurred; slants were then kept at 4 C until further use.
For production of actinomycin the organisms were first cultivated in NZ-amine medium (14, 18) ; synthesis of actinomycin mixtures by S. chrysomallus was carried out in glutamic acid-galactose-glucose-mineral salts medium (14, 16, 18, 35) . S. parvulus was grown in the glutamic acid-mineral salts medium with fructose (1%) but without the galactose (1%) and glucose (0.1%). After 24 h of incubation, one of the four stereoisomers of isoleucine in aqueous solution was added to the culture medium and actinomycin production was continued for another 96 h. The following concentrations of isoleucine were used for S.
chrysomallus: L-isoleucine, 500 Ag/ml; D-alloisoleucine, 100 utg/ml; L-alloisoleucine, 50 ug/ml; and Disoleucine, 50,gg/ml; for S. parvulus: L-isoleucine, 250 ttg/ml; D-alloisoleucine, 50 g/nml; L-alloisoleucine, 60
Ag/ml, and D-isoleucine, 60 ug/ml. Isolation and purification of actinomycin mixtures. Actinomycin mixtures were extracted from culture filtrates with two volumes of ethyl acetate (18, 35) ; the actinomycin in the mycelium was extracted overnight with 1-butanol.
After evaporation in vacuo, the actinomycin preparations were combined and purified by descending paper chromatography for 8 to 12 h with the solvent system amyl acetate/5% sodium-o-cresotinate, or with 10% sodium-o-cresotinate-isopropyl etherchloroform (3:2:1).
Papers were air-dried in a hood overnight. The invididual regions were cut from the paper into small pieces, which were placed in a Waring blender with sufficient water to cover the paper, and then homogenized to a pulp. Actinomycin was extracted into 2 volumes of ethyl acetate by mechanical stirring. The ethyl acetate-water-paper pulp mixture was then filtered on a glass-sintered funnel to remove the paper. The ethyl acetate fraction (containing actinomycin) was (18, 35) .
Identification of amino acids by chromatography and high voltage electrophoresis. Hydrolysates were decolorized with Norit A charcoal (neutral) which was centrifuged and washed twice with 6 N HCl and water as described (18, 35) . The acid was removed in vacuo.
Amino acids in hydrolysates were separated by high voltage electrophoresis (Gilson Manufacturing Co., 4% formate buffer, 3 h, 3500 V, 200 mA) or by a combination of high voltage electrophoresis in one dimension and ascending paper chromatography in the second dimension (35) , with 1-butanol-acetic acid-water (4:1:5, organic phase). Amino acids were located with 0.2% ninhydrin in acetone. The electrophoretic mobility of various amino acids relative to that of sarcosine and the retardation factor values of the amino acids have been reported in other publications (15, 35) .
Analytic amino acid separations were carried out with a Beckman Spinco automatic amino acid analyzer, model 120C, with 0.2 M sodium citrate buffer, pH 3.05 and 4.25 (35) .
Stereoconfiguration of amino acids. Configu,ation of the isoleucine, alloisoleucine, and valine in various actinomycin hydrolysates was determined with dialyzed preparations of L-or D-amino acid oxidase (18) . After incubation with the enzyme for 4 h at 37 C, samples were desalted successively through a Dowex 5OW-X8 column (H+, 1 by 6 cm) and a Dowex 1 column (OH-, 1 by 6 cm); amino acids were eluted with 2 N NH4OH and 1 N HCl, respectively. After evaporation, the preparations were examined by high voltage electrophoresis and the amino acid analyzer.
Actinomycin concentration. The concentration of actinomycin was determined by a spectrophotometric method (16). RESULTS S. chrysomallus synthesizes an actinomycin mixture consisting of C1, C2, and C3, whereas S. parvulus produces actinomycin C, (D) as the major component (95%) (4, 11) (Fig. 1) . We have confirmed these findings and compared hydrolysates of purified actinomycins derived from these organisms with authentic antibiotic standards obtained from other laboratories (Tables 1 and 2).
The composition of the isoleucine-induced actinomycins elaborated by both organisms is more complex, however. Actinomycin fractions were isolated by descending paper chromatography and appeared to be chromatographically homogeneous in a variety of solvent systems. Analyses of the branched-chain amino acid residues in hydrolysates revealed, however, that multiple congeners of actinomycin were present in a given preparation (Tables 1 and 2 ). Actinomycins previously examined contain Dvaline and/or D-alloisoleucine (4, 11) . Therefore, the appearance of D-isoleucine in addition to the other two branched-chain amino acids in an actinomycin indicates heterogeneity. Consequently, reference to C1, C2, C3, and E1 regions is meant to imply chromatographic mobility in Fig. 2 . The complexity of the actinomycin mixtures synthesized by S. parvulus in the presence of the various isomers of isoleucine was quite unexpected (Table 2 ). In addition to Cl, the organism also produced C2-, C9-, El-, and E2-like compounds after supplementation of the medium with one of the isoleucine isomers. There was no change in the amino acid composition of Cl in the experiments with L-isoleucine or D-alloisoleucine. However, the C2, C3, and El 
DISCUSSION
The influence of precursor pressure upon the biosynthesis of a number of peptides has been described by several laboratories, e.g., gramicidin S (21, 32, 34) , tyrocidines (7, 19, 21, 22, 26, 29) , quinomycins (36), sporidesmolides (27, 28) , angolides (25) , bleomycins (33) , and monamycins (8) . In vitro and in vivo experiments have indicated that the enzymes which catalyze the biosynthesis of these peptides often exhibit a low substrate specificity.
Directed biosynthesis of the actinomycins has also been achieved in a number of instances (10, 12, 13, 17, 30, 31, 35) . It has frequently been observed that the exogenously supplied amino acid or amino acid analogue is modified biochemically, e.g., via methylation, racemization, hydroxylation, or oxidation in a manner analogous to the endogenously synthesized amino acid (13) . Thus far, three sites in the actinomycin molecule have been shown to be affected by exogenously provided amino acids. These include: (i) position 2 and 2' for branched-chain amino acids, (ii) position 3 and 3', and (iii) position 5 and 5' for the Nmethylamino acids (Fig. 4) .
Schmidt-Kastner (30, 31) first reported that new actinomycins (El and E2) were synthesized by S. chrysomallus in the presence of DL-isoleucine. Paper chromatographic analysis indicated that these antibiotics were homogeneous; based on qualitative and quantitative data, the structural formulae shown in Fig. 1 were proposed (4). However, we observed, in the present study, that hydrolysates of an authentic sample of actinomycin El contained significant amounts of D-isoleucine and D-valine as well as Dalloisoleucine (Table 1, Fig. 1 ). Since commercial DL-isoleucine is a mixture of the four stereoisomers of isoleucine, the effect of pure stereoisomers of isoleucine upon actinomycin synthesis was examined with S. chrysomallus and S. parvulus. Under these conditions, new actinomycins were produced particularly with L-alloisoleucine or D-isoleucine in the culture medium. In fact, the complexity of the mixtures of closely related actinomycins elaborated made it virtually impossible to separate the individual compounds despite the use of several paper and thin-layer chromatographic systems (see below). Perhaps high pressure liquid chromatography will give better resolutions and provide a means for obtaining pure actinomycins. Similar difficulties in the resolution of chemically similar peptide mixtures (angolides, sporidesmolides, enniatins, bromomonamycins) were encountered by Russell and co-workers (1, 25, 27) and Hall et al. (8) .
Amino acid analyses (Tables 1 and 2 ) revealed that actinomycin fractions contain varying amounts of D-valine, D-alloisoleucine and D-isoleucine as well as N-methylvaline and N-methylalloisoleucine, indicating the heterogeneity of the antibiotic preparations. Moreover, the heterogeneity of the actinomycin El produced by S. chrysomallus in the present study (supplementation with D-alloisoleucine, L-alloisoleucine or D-isoleucine) resembled qualitatively and quantitatively the authentic El sample obtained from Schmidt-Kastner (see Table 1 ). Our data for actinomycin E2 also differ from that reported in the literature in that equimolar amounts of D-isoleucine and Dalloisoleucine are present (Table 1, Fig. 1 (15, 35) .
The presence of D-isoleucine (and N-methyl-L-alloisoleucine) in actinomycin peptides represents an apparent exception to the rule of alpha epimerization. According to this rule, D-amino acids in microbial peptides are derived from their L-enantimorphs by epimerization at the alpha carbon atom (3) . Therefore, all isoleucine moieties in microbial peptides belong to the L and all alloisoleucines belong to the D series. However, it is possible that some organisms can synthesize L-alloisoleucine naturally from Lisoleucine and can utilize it as a source of D-isoleucine (e.g., S. jamaicensis, monamycin [6D or may be able to use exogeneously provided L-alloisoleucine (e.g., S. antibioticus, S. chrysomallus, S. parvulus, actinomycin) as a precursor of D-isoleucine. In such cases the rule of a-epimerization is still applicable because the epimerization of the a-carbon atom of L-alloisoleucine gives rise to D-isoleucine.
The mechanism of biosynthesis of N-methyl-L-alloisoleucine and D-isoleucine from the various stereoisomers of isoleucine remains to be elucidated with cell-free systems. In the case of the N-methylamino acid, presumably the direct methylation (via S-adenosylmethionine) of free or bound L-alloisoleucine should yield N-methyl-L-alloisoleucine. The conversion of L-isoleucine to L-alloisoleucine may involve both enzymatic and nonenzymatic reactions. Oxidation or transamination of L-isoleucine would lead to formation of d-a-keto-f-methylvaleric acid.
The keto acid may then racemize nonenzymatically by enolization to the dl-keto acid; on transamination a mixture of L-isoleucine and L-alloisoleucine would be obtained (23, 24) . Since D-alloisoleucine shares a common keto acid intermediate with L-isoleucine, the conversion from D-alloisoleucine to L-alloisoleucine could be explained in the same way. Methylation appears to be specific only for L-alloisoleucine in contrast to the observations reported by Audhya and Russell (1) for enniatin A. In the latter instance both N-methyl-L-isoleucine and N-methyl-L-alloisoleucine were present in hydrolysates of an enniatin A preparation produced by the fungus Fusarium sambucinum.
The synthesis of D-amino acids (D-valine, >-alloisoleucine, D-isoleucine) during actinomycin synthesis probably occurs in a manner analogous to the adenosine 5'-triphosphate-dependent inversion of L-phenylalanine to D-phenylalanine during gramicidin S and tyrocidine formation (19, 20, 21) . Perhaps a single racemase with rather broad specificities for the L-form of the branched-chain amino acid catalyzes an energydependent biosynthesis of D-amino acids. The mechanism of the racemase reaction remains to be established.
